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Abstract 
Using the interference lithography based on the two-beam interference method the two-dimensional (2D) photonic structures 
with different symmetries were prepared in photoresist and III-V compounds surface layers. The 2D square and hexagonal 
patterns with periods in the range from 270 nm to 2 Pm were realized by the interference lithography. Homogeneous 2D pattern 
of different symmetry and shape was revealed by the atomic force microscope. The interference lithography was applied to the 
surface patterning of a infrared light emitting diode. Such 2D photonic diode structure shows enhanced emission from the near-
field measurements.  
© 2009 Published by Elsevier B.V. 
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1. Introduction 
Photonic crystals (PhC) opened wide platform for a new generation of optical and optoelectronical devices. What 
prefers PhC devices to conventional devices is their ability to interact with light on a wavelength scale, thus 
allowing the fabrication of much smaller devices. The planar two-dimensional (2D) photonic crystal structures were 
firstly applied in the light waveguiding applications, where PhCs increased transmission of sharp bended 
waveguides and Y-splitters [1, 2]. Another application employed the PhC structures in the semiconductor lasers, 
where PCs enabled high differential quantum efficiency and output power of laser diodes [3, 4]. The PhC structures 
have also been investigated as a potential candidate for improving the extraction efficiency in light emitting diodes 
(LED) [5-8]. It can be improved by minimizing the total internal reflection in the diode surface. In a conventional 
unpatterned LED the majority of light emitted from the quantum well active region becomes trapped in the high 
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index active region layer due to the total internal reflection and emitted photons become confined to waveguide 
modes. Then a small fraction of emitted light radiates away from the top surface [9]. 
One of the most promising technologies for the periodic structure fabrication is interference lithography [10-13]. 
There are different ways for generation of 2D patterns by interference lithography using a single exposure of an 
interference pattern generated by multiple beams [11] or using multiple exposures of an interference optical field 
produced by two beams [12, 13]. This multi exposure technique can be used for fabrication of different one and two 
dimensional periodic structures in photoresist materials as well as in different III-V compounds [14].  In this way, 
the interference lithography produces high-resolution PhC structures in large areas with low costs.  
In this work we focus on the fabrication of 2D PhC structures prepared in thin photoresist layer and in GaAs 
substrate for the possible application in the optoelectronic devices. The interference lithography based on the two-
beam geometry using multiple exposure process is used for the 2D PhC structure preparation in the semiconductor 
surface of different period, symmetry and shape of removed regions. The 2D PhC structure is applied in the LED 
surface in order to improve the light extraction from the LED. The surfaces of the prepared PhC LEDs are 
experimentally investigated by atomic force microscope (AFM). The near field of the diode is studied by near-field 
scanning optical microscope (NSOM) and the optical power on current dependence is measured. 
2. Experimental 
Patterning of 2D photonic structures has been examined using standard positive photoresist AZ 5214E. 
Photoresist was deposited on the GaAs substrate to investigate the possibilities of the phtoresist and GaAs surface 
patterning and on the LED structures to investigate the effect of photonic structure on their emission properties. The 
photoresist film of AZ 5214E of thickness 400 nm was spin-coated on GaAs substrates with post-baking at 65 oC for 
2 minutes and at 103 oC for 3 minutes to remove the solvent. After exposure the samples were developed in 
AZ 400K developer for 30-50 seconds, rinsed in DI water and dried with nitrogen. The 2D PhC pattern from the 
photoresist mask was transferred in the GaAs substrate using RIE etching process in CCl4/He based plasma in a 
ROTH & RAU MICROSYS 350 machine. The chlorine-based plasma was generated by a radio frequency (rf) field 
at 13.56 MHz supplied via a stainless steel electrode (Ø 200 mm). The temperature of the electrode was stabilized at 
25 °C by He flown into the chamber at 4 sccm. During etching the flow of CCl4/He was 4/4 sccm and the working 
pressure was 0.8 Pa. Before the introduction of CCl4/He, the chamber was evacuated to a background pressure 
< 5.10-4 Pa. 
The LED samples have been grown by low pressure MOVPE on (001) oriented n type GaAs substrates. The LED 
structure consists of a 350 nm n-doped GaAs buffer layer, 1 300 nm n doped Al0.45Ga0.55As confinement layer, the 
QW active region and 650 nm p doped upper confinement Al0.60Ga0.40As layer. The active region contains three 
9 nm thick GaAs QWs separated by 24 nm thick Al0.2Ga0.8As barriers. The structure was covered by 40 nm GaAs 
cap layer [15]. 
Quite homogeneous 1D optical field of diameter 5 mm was formed by the interference of two coherent beams of 
Ar ion laser (488 nm) with the intensity of 60 mW/cm2 in both laser beams. The adequate exposure time for this 
type of photoresist, radiation wavelength and intensity was optimized to be 100-120 s [14].  
Design of optical field pattern can be proposed by simple theoretical approach of the interference of two optical 
plane waves. The intensity distribution of an interference pattern of two optical plane waves with the same intensity 
in the xy plane can be expressed as [12] 
 > @DDTD sincossincos4 20 yxkII  ,    (1) 
where I0 is the intensity of the interfering beams, k is the wave number, T is the semi-angle between two interfering 
beams and the angle D represents the sample orientation in the xy plane. The optical field periodicity / is 
determined by 
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where Ois the wavelength of the interfering beams.  
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2D pattern can be achieved using the multiple exposure process in combination with the sample rotation between 
individual exposures. In such case the exposure dose is accumulated and the total exposure is the sum of the partial 
exposures. Then the space distribution of the final exposure I(x,y) can be expressed as the sum 
   ¦ 
i
i yxIyxI ,,
     (3) 
where Ii (x,y) is the exposure intensity described by eq. (1) for the actual sample rotation D. Two-dimensional 
photonic structures can be prepared by the in-plane rotation of the sample at definite angle D after first exposure and 
then exposed again. Simulation of interference pattern calculated according (1) and (3) shows the structure with 
square symmetry using double exposure process at angle D = 90o (Fig. 1a) and structure with trigonal symmetry 
using triple exposure process at D = 60o and 120o (Fig. 1b).
   a)      b) 
Fig. 1: Simulation of a) square and b) trigonal 2D interference pattern. 
This technique of multiple exposure supported by simulations was used for preparation of 2D PhC in the 
photoresist layer, GaAs substrate and the LED structure. The structure quality of all samples has been examined by 
employing AFM. 
3. Results 
Two-dimensional periodic structures were prepared in photoresist layer deposited on the GaAs substrate. 
Samples with period of 2D PhC structures from / = 275 nm to 2000 nm were formed in photoresist layer. Regular 
and homogeneous 2D PhC structures with square symmetry of period 275 nm and 450 nm were documented from 
AFM analysis with depth 180 nm and 300 nm, respectively (Fig. 2). Besides the square symmetry, the trigonal 
symmetry PhC structures of 360 nm period were prepared by triple exposure process using inplane rotation of the 
sample D = 60o and 120o. Calculated interference optical field (Fig. 3a) documents well agreement of simulation and 
realised structures in photoresist layer (Fig. 3b). The non-constant intensity in the exposing area due to the gaussian 
profile of the laser beams doesn’t play important role in the exposed area of diameter lower than 5 mm if the 10x 
expander is used.  
The possibility of hole shaping was examined on the 2D PhC structures with square symmetry prepared in GaAs 
substrate. The period of 2D structures for this experiment was set to be / = 2.0 Pm. Different circular and square 
shaped hole regions in the photoresist mask were reached at specific developing conditions. Typically optical field 
distribution of 2D optical field in double exposure process can be described by sinus function in xy plane (2, 3). 
Such sinusoidal shape was formed in the exposed photoresist layer in developing process with duration of 30 s. 
Additional developing starts formation of the open regions in photoresist mask of a circular shape (30 – 40s). The 
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additional developing process (>40s) enlarges the circular open regions and modifies their shape to be nearly square. 
The precise square shaped photoresist mask can be achieved at the appropriate developing time (45s). These 
different photoresist masks were used for formation of 2D PhC structures of depth 350 nm in the GaAs surface 
preserving the shape of the photoresist masks using short time RIE process (150 s).  
   a)      b) 
Fig. 2: AFM image of 2D PhC with square symmetry prepared in thin photoresist layer with a) 275 nm and b) 450 nm period. 
   a)      b) 
Fig. 3: a) Calculated interference optical field for triple exposure and b) AFM image of realised 2D PhC with trigonal symmetry
prepared in photoresist layer with period of 360 nm. 
Two different samples with circular and nearly square open regions prepared in GaAs substrates and analyzed by 
AFM are shown in Fig. 4. The Fig. 4a shows the AFM image of etched structure in the GaAs substrate with a 
circular shape of removed regions corresponding to the shape of photoresist mask and the inset figure documents the 
simulated shape of mask. The nearly square shaped photoresist mask prepared according to the simulation in inset 
figure in Fig. 4b produces the nearly square shaped regions in GaAs substrates after RIE etching process (Fig. 4b).  
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Fig. 4: AFM image of prepared a) circular and b) nearly square shaped 2D photonic structure in GaAs substrate. 
In the next experiments 2D PhC patterning was applied in the surface of the LED structure with the aim to 
pattern upper confinement layers. Regular and homogenous 2D PhC structures of square symmetry were confirmed 
from the AFM analyse in the upper confinement GaAs/AlGaAs layers with the period of 2.4 Pm and depth reaching 
the 350 nm (Fig. 5a). Such PhC structures of sufficient depth in the LED surface can significantly improve light 
extraction efficiency.  Such prepared 2D PhC should cause multiple reflections of photons from the interfaces of the 
holes etched into the surface and it should allow the more effective radiation of guiding modes [10].  
   a)      b) 
Fig. 5: a) Optical microscope image of the patterned LED surface by square 2D PhC. Inset figure shows the AFM detail. b) 
NSOM image of the emitted light from the LED surface. 
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Fig. 6: Comparison of light extraction between 2D PhC and no-PhC LED from dependence of optical power on driving current. 
The effect of the 2D PhC structure on the light extraction efficiency was documented from the analysis in the 
near field of the PhC LED [16]. The near-field image clearly revealed the enhanced emission from the hole regions, 
which was confirmed by the high-resolution NSOM image (Fig. 5b). This intensity enhancement from the hole 
regions in comparison with the surrounding surface was estimated from near-field measurements and optical 
power-current dependencies (Fig. 6) to be more than 30 %. We expect that an optimized and deeper 2D PhC 
structure in the LED surface should lead to more efficient radiation outcoupling and it should more effectively 
suppress the effect of the internal reflection. 
4. Conclusion 
Two-beam interference method is an effective and variable tool for fabrication of 2D PhC structures using the 
standard photoresist. This method has been successfully examined for preparation of 2D PhC structures in 
photoresist layer deposited on the GaAs substrate, in the III-V compound surfaces as well as for patterning the 
surface of LED structure. The different shape of etching regions, symmetry and period of the 2D PhC structures was 
realized in the photoresist layers and GaAs surfaces. These parameters of the structures were simply adjusted by the 
experiment geometry and developing conditions. Results presented in this paper documents the possibility to form 
2D PhC structures of desired design in the surfaces of the optoelectronic devices. The realized 2D PhC LED shows 
evident improvement of the extraction efficiency documented by the near-field analysis. 
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